(TPGS)-based solid dispersion (SD) formulations were developed by hot-melt extrusion (HME) to improve oral bioavailability of valsartan (VST). Methods: HME process with twin-screw configuration for generating a high shear stress was used to prepare VST SD formulations. The thermodynamic state of the drug and its dispersion in the polymers were evaluated by solid-state studies, including Fourier-transform infrared, X-ray diffraction, and differential scanning calorimetry. Drug release from the SD formulations was assessed at pH values of 1.2, 4.0, and 6.8. Pharmacokinetic study was performed in rats to estimate the oral absorption of VST.
Introduction
Many approaches have been used to prepare oral formulations of poorly watersoluble drugs to improve oral bioavailability. [1] [2] [3] Among them, solid dispersion (SD), in which the drug molecule is dispersed in a polymeric matrix, has been shown to improve the aqueous solubility and oral absorption of drugs. 4, 5 SD produces these effects on poorly water-soluble drugs by increasing wettability, decreasing agglomeration, and altering the physical state of the drugs. Although SD formulations can be prepared by several methods, hot-melt extrusion (HME) is an attractive and emerging method for the production of SDs. 6, 7 The HME process has the advantage of being a continuous, solvent-free, dust-free (environmentally friendly), and robust manufacturing process, as well as possessing the ability to yield several solid dosage forms (eg, pellets or tablets). 8 During the HME process, shear stress generated by extruder screws can be applied to overcome the crystal lattice energy of crystalline drugs and soften polymers. The mixing and dispersing of the drugs and polymers 
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lee et al occur inside the extruder, from which the melted product is extruded. SDs can be defined as eutectics, crystalline dispersions, and solid solutions, 9 according to the state (crystalline, amorphous, or molecularly dispersed) of the matrix and the drug, as well as the number of phases. The physicochemical properties of SDs can be influenced by the HME equipment used (eg, feeder, barrels, and die) and the extrusion processing parameters (eg, barrel and die temperatures, screw speed, melt pressure, torque, screw configuration, etc). Generally, the HME process temperature is set 20°C-30°C lower than the melting point of the drug. 8 Furthermore, the glass transition temperature (T g ) or melting temperature (T m ) of the polymers should be considered. Among several polymers that are suitable for the HME process, Soluplus ® (SP) and d-alpha-tocopherol polyethylene glycol 1000 succinate (TPGS) were chosen for this investigation. SP (T g of approximately 70°C), an amphiphilic copolymer composed of polyethylene glycol (PEG) 6000, vinylcaprolactam, and vinyl acetate, has been used as a drug solubilizer and permeation enhancer across biological membranes. 10, 11 TPGS is a d-alpha-vitamin E ester derived from vitamin E, and its T m is approximately 40°C.
12 TPGS can be used as a nonionic surfactant due to its amphiphilic properties, and it can improve the solubility and permeability of poorly water-soluble drugs and stabilize amorphous drugs in SDs. 13 The T g and T m values of SP and TPGS seem to be appropriate for HME processing.
In this study, SD formulations processed by HME were developed for the oral delivery of valsartan (VST). VST is a selective angiotensin II type 1 receptor antagonist used for the treatment of hypertension. VST has relatively low aqueous solubility (0.1 mg/mL) and low oral bioavailability (25%) due to poor solubility in acidic solutions.
14 The pH-dependent drug release can induce inter-and intrasubject variability in drug absorption. To solve these drawbacks, several oral formulations have been developed for VST delivery. [14] [15] [16] Although SD formulations using VST have already been reported, 17 the application of HME technique to their preparation has not been investigated.
Herein, we report the development and evaluation of SDs based on SP and TPGS, processed by the HME method with a high shear, for the oral delivery of VST. To the best of our knowledge, high shear-driven HME-processed SDs based on SP and TPGS have not been reported for oral delivery of VST. Solid-state studies were performed to evaluate drug amorphization and dispersion in the polymer matrix. Furthermore, we investigated VST drug release in vitro and pharmacokinetics in vivo.
Materials and methods Materials
VST was purchased from Tecoland Corp (Irvine, CA, USA). SP and TPGS were obtained from BASF SE (Ludwigshafen, Germany). Phosphoric acid and hydrochloric acid were purchased from Sigma-Aldrich Co (St Louis, MO, USA). Acetonitrile and other organic solvents were acquired from Fisher Scientific (Hanover Park, IL, USA). Double deionized water (DDW) was prepared using Super-Q Plus Water Purification Systems (Merck Millipore, Merck KGaA, Darmstadt, Germany). All other reagents were of analytical grade.
Preparation of VsT-loaded sDs
Drug and polymers (about 250 g of the total amount) were blended for 3 minutes prior to extrusion according to the ratios presented in Table 1 . These mixtures were fed into a twin-screw hot-melt extruder (STS-25HS, Hankook EM Ltd, PyoungTaek, Korea) equipped with a round-shaped die (1 mm in diameter). The temperatures of the heating zones were maintained as shown in Table 2 . The extrusion rate was 28-30 g/min and the extrusion pressure was about 100 bars. The speed of the screw was set at 150 rpm. Extrudates were cooled to room temperature and milled for pulverization. A sieve with 0.21 mm wire width (70 mesh) was used to prepare the powders.
characterization of VsT-loaded sDs
The dispersion of drug molecules in the polymer matrix and the transition between crystalline and amorphous forms were investigated by solid-state studies. FT-IR spectra of VST, SP, and TPGS, as well as the SD formulations F1 and F2, were obtained by a Jasco FT/IR-4200 type A (Jasco Co, Tokyo, Japan) instrument with the KBr method. All samples were scanned in the range of 600-4,000 cm -1 . X-ray diffraction (XRD) analysis was performed with a D5005 model diffractometer (Bruker, Germany) at room temperature. Monochromatic Cu-K α radiation (λ=1.5406 Å) was used in the 2θ angle range from 6° to 40°, with an angular increment of 0.02°/s and a scan speed of 1°/min at 40 mA and 40 kV. Differential scanning calorimetry (DSC) thermograms of VST, SP, TPGS, F1, and F2 were obtained with a DSC-Q100 instrument (TA Instruments, New Castle, DE, USA). DSC analysis of the SD formulations F1 and F2 after 6 months of storage at room temperature was also performed. Thermograms were scanned with aluminum from 30°C to 190°C at a speed of 10°C/min under a nitrogen atmosphere (50 mL/min).
in vitro drug release
In vitro drug release was measured with a dissolution tester (TDT-08L; Electrolab, Maharashtra, India). The VST powder and formulations (F1 and F2), each containing 20 mg VST, were encapsulated in gelatin capsules and immersed in 900 mL of dissolution media (pH 1.2: containing hydrochloric acid and 0.3% Tween 80; pH 4.0: acetate buffer containing 0.3% Tween 80; pH 6.8: containing phosphoric acid) at 37°C and stirred at 100 rpm. Aliquots (7 mL) of the dissolution media were collected at predetermined times (15 minutes, 30 minutes, 45 minutes, 60 minutes, 90 minutes, and 120 minutes) and an equivalent volume of fresh medium was added at each sampling time to compensate. The released VST was quantitatively analyzed with a high-performance liquid chromatography (HPLC) system (Waters Co, Milford, MA, USA) equipped with a reversed-phase C18 column (UniverSil C18, 150×4.6 mm, 5 μm; Fortis Technologies Ltd, Cheshire, UK), a pump (Waters 1525), an automatic injector (Waters 717 plus), and an ultraviolet/visible detector (Waters 2487). The mobile phase was composed of acetonitrile and DDW (60:40, v/v) with pH adjusted to 3.0 with phosphoric acid. The detection wavelength and flow rate were 247 nm and 1.0 mL/min, respectively. The injection volume was 20 μL, and the retention time of VST was 3.3 minutes. The correlation coefficient (r 2 ) of the linear regression line was 0.999 in this method. The accuracy and precision values of the inter-and intra-day samples were 92.9%-109.4% and 0.1%-5.5%, respectively.
in vivo pharmacokinetic study
In vivo pharmacokinetic studies were performed in male Sprague Dawley rats (250±5 g body weight; Orient Bio, Sungnam, Korea). The rats were reared in a light-controlled room at a temperature of 22°C±2°C and 55%±5% relative humidity. The experimental protocols of the animal studies were approved by the Animal Care and Use Committee of the College of Pharmacy (Seoul National University, Seoul, Republic of Korea; No SNU-130722-1-1).
The left femoral artery was cannulated with a polyethylene tube (PE-50; Becton Dickinson Diagnostics, MD, USA) under Zoletil (Virbac, Carros, France) anesthesia (50 mg/kg, intramuscular injection). VST powder or the SD formulations were encapsulated in gelatin microcapsules (Torpac Inc, Fairfield, NJ, USA) and administered orally at a dose of 4 mg/kg. Blood samples (200 μL) were collected from the femoral artery at 5 minutes, 15 minutes, 30 minutes, 45 minutes, 60 minutes, 90 minutes, 120 minutes, 240 minutes, 480 minutes, and 1,440 minutes after VST administration, and an equivalent volume of normal saline (containing 20 U/mL heparin) was administered at each sampling time. The blood samples were centrifuged at 16,000× g for 3 minutes at 4°C. The aliquots (70 μL) of plasma were stored at -70°C before the quantitative analysis of drug.
VST concentrations in rat plasma were determined by liquid chromatography-tandem mass spectrometry (LC-MS/ MS). To each 50 μL plasma sample, 5 μL of losartan (LST, internal standard) solution (15 μg/mL) and 145 μL of acetonitrile were added, and the sample was vortexed for 5 minutes. After centrifugation at 16,000× g for 5 minutes, the supernatant (2 μL) was injected into the LC-MS/MS system, equipped with an Agilent Technologies 1260 Infinity HPLC system (Agilent Technologies, Wilmington, DE, USA) and Agilent Technologies 6430 Triple Quad LC/MS system. The chromatographic separation was achieved using Synergi™ 4 μ Hydro-RP 80 Å column (75×2.0 mm; Phenomenex, CA, USA). The mobile phase was composed of acetonitrile and 5 mM ammonium formate buffer (85:15, v/v) and the flow rate was 0.4 mL/min. The electrospray ionization source settings were optimized manually. The gas temperature, gas flow, nebulizer pressure, and capillary voltage were 300°C, 11 L/min, 30 psi, and 4,000 V, respectively. The fragmentation transitions were mass-to-charge ratio (m/z) 436.2 to m/z 291.2 for VST and m/z 423.4 to m/z 207.3 for LST. The fragmentor voltage and collision energy for VST were 98 V and 14 eV, respectively, and were 115 V and 20 eV, respectively, for LST. The retention times of VST and LST were 0.46 minutes and 0.47 minutes, respectively. The accuracy and precision values of samples were 86.4%-107.9% and 2.0%-6.3%, respectively. The acquisition and processing were performed with MassHunter Workstation Software Quantitative Analysis (Version B.05.00; Agilent Technologies, Wilmington, DE, USA). Pharmacokinetic parameters for VST were calculated with WinNonlin (Version 3.1; Pharsight, Mountain View, CA, USA): total area under the plasma VST concentrationtime curve from time zero to infinity (AUC), peak plasma concentration (C max ), and time to reach C max (T max ).
histological study
Histological assays were performed to assess the toxicity of the tested formulations to the intestinal epithelium. Pure VST and VST-loaded formulations (F1 and F2) were orally administered to Sprague Dawley rats (4 mg/kg), and the rats were sacrificed at 24 hours postadministration. The jejunum was obtained by dissecting the peritoneal membrane, and it was fixed in 4% (v/v) formaldehyde solution for 1 day. Fixed tissues were rinsed with DDW, dehydrated with alcohol, and embedded in paraffin. Tissues were cut into 5-10 μm thick sections and stained with hematoxylin and eosin (H&E) reagent. Microscopic images were acquired to evaluate the mucosal toxicity of the formulations.
statistical analysis
All experiments in drug dissolution and animal studies were repeated at least three times, and the data were expressed as the mean ± standard deviation. Statistical analysis (ie, analysis of variance) was performed using IBM SPSS Statistics software (Version 21.0; IBM Corp, Armonk, NY, USA). A P-value 0.05 was regarded as significantly different.
Results and discussion Preparation and characterization of VsTloaded sD formulations
The HME technique was used in the preparation of oral SDs of VST ( Figure 1A ). According to the ratios presented in Table 1 , the drug was homogeneously dispersed in the polymer using a solvent-free continuous process. In our preliminary study, SD formulations based on 9:1, 7:3, and 5:5 weight ratios of polymer to drug were prepared, and drug release profiles were tested. On the basis of the ease of HME processing and the drug dissolution data, a ratio of 7:3 by weight (polymer to drug) was finally selected for SD formulation development. SP and TPGS were used as the main matrix and plasticizer, respectively, with the aim of enhancing drug solubilization and absorption. 10, 12 The T m of VST in this investigation was 104.6°C, which was similar to previously reported values. 17 Given the T m and T g values of the drug and the polymers, the temperature of the melting extrusion process was set at 80°C-100°C, as shown in Table 2 . In general, the temperature of the heating zone can be set 15°C-60°C above the T m of semicrystalline polymers or the T g of amorphous polymers. 18 The established temperature (80°C-100°C) was sufficient to allow for the successful extrusion of polymers. In addition, knowledge of thixotropic behavior, which describes the decrease in viscosity of a polymer with an increase in shear stress, can guide the process of blending and codispersing drugs and polymers. It is known that the addition of plasticizers, such as the TPGS included in the F2 formulation (Table 1) , can decrease T g and the melting viscosity of polymers during extrusion processing. 19 The use of high-shear twin screws and a die with a 1 mm diameter also contributed to the production of a homogeneous extrudate ( Figure 1B and C) . As shown in Figure 1B , multiple kneading disk blocks were introduced to the full flight screw for generating a high shear stress. It is noteworthy that the twin-screw extruder can alter both the crystallinity of a drug and its release characteristics from SD formulations. 20 Moreover, high shear rates, as determined by the screw configuration, can result in a more efficient melting process and can produce extrudates with low viscosity.
As shown in Figure 1 , VST (active pharmaceutical ingredient [API]), SP, and TPGS were fed into the extruder. The molecularly dispersed API in the polymer matrix was confirmed by solid-state studies (Figures 2-4) . The FT-IR spectra of VST, SP, TPGS, F1, and F2 are shown in Figure 2 . VST has two carbonyl absorption bands at 1,730 cm -1 (C=O group) and imine band at 1,603 cm -1 (C=N band). 14 The spectrum of SP exhibits a peak at 2,924 cm -1 (aliphatic C-H stretching), as well as at 1,730 cm -1 and 1,629 cm -1 (C=O stretching). 8 The TPGS spectrum has peaks at 2,885 cm -1 (aliphatic C-H stretching) and 1,737 cm -1 (C=O stretching). The alteration of the representative peaks of VST in the spectra of the F1 and F2 formulations suggested intermolecular interactions between the drug and the polymers (SP and TPGS).
The XRD patterns of VST, SP, TPGS, F1, and F2 are presented in Figure 3 . The diffractogram of VST exhibited a strong broad peak, as previously reported. 17, 21 Unprocessed SP exhibited an amorphous halo without crystallinity, as previously reported. 22 In contrast, the crystallinity of TPGS was shown by its XRD pattern. 12 The XRD results of F1 and F2 suggested the generation of interactions between drug and polymer molecules by HME processing.
The thermal behaviors of the drug, the polymers, and the formulations were evaluated by DSC (Figure 4) . The DSC curve of VST had a sharp endothermic peak at 104.6°C, which indicated the crystallinity and melting point of the drug. 17 The DSC thermogram of SP exhibited a broad peak around 70°C, indicating the transition of the amorphous polymer from a glassy state to a rubbery state with enthalpy relaxation. 39.7°C, indicating its crystallinity and T m value, which corresponded with previously reported results. 23 The disappearance of the sharp endothermal peak of VST in the thermograms of F1 and F2 revealed that the drug was altered from a crystalline to an amorphous form during the HME process. The results from these solid-state studies indicated the amorphization of the drug and its dispersion in the polymer matrix. Over time, an amorphous drug with a higher energy level tends to transform to a crystalline form with a lower free energy. 24, 25 Several factors, including atmospheric moisture and residual crystalline drug (acting as a seed crystal), can accelerate the transformation from an amorphous to a crystalline state during storage. 7 One common strategy to inhibit recrystallization of drugs is to prepare SDs. In this investigation, DSC thermograms of F1 and F2 (after 6 months at room temperature) were acquired and are shown in Figure S1 . A sharp endothermic peak of VST was not observed in the thermograms, indicating the absence of recrystallization of the drug after 6 months of storage. Judging from the absence of recrystallization (after 6 months) in the thermograms of the F1 and F2 formulations, the SD developed in this study seemed to be resembling a solid glassy solution. The molecular dispersion of a drug may be immobilized via its interaction (eg, hydrogen bonding) with SP. It is assumed that the HME process reported herein may contribute to the maintenance of the kinetic stability of amorphous drugs.
in vitro drug release
In vitro drug release was assessed at pH values of 1.2 (simulated gastric fluid), 4.0, and 6.8 (simulated intestinal fluid) ( Figure 5 ). Drug release profiles from the SDs (F1 and F2) were compared to the profile of pure VST. As shown in Figure 5 , the released amounts of VST from the F1 and F2 preparations were significantly higher than that of the pure drug under all pH conditions. Improved drug release from the SDs developed in this study seems to be related to the low aqueous solubility of VST. VST has low aqueous solubility at low pH values due to its weak acidity. 26 Because of the low solubility of VST at pH 1.2 and pH 4.0, 0.3% (w/w) Tween 80 was added to the release media (pH 1.2 and pH 4.0). VST solubility at pH 1.2 and pH 4.0 in media containing 0.3% Tween 80 was 0.41±0.05 and 0.94±0.01 mg/mL, respectively; thus, the sink condition seemed to be maintained during the drug release test. Solubility of VST at pH 6.8 was 9.60±0.42 mg/mL in this study; therefore, solubilizers were not added to these release media to maintain sink condition. Due to the pH-dependent solubility of VST, the amount of drug released at pH 6.8 was greater than that released at pH 1.2 and pH 4.0. Notably, in the pH 6.8 medium, drug release from F1 and F2 reached nearly 100% within 15 minutes. Thus, fast and complete drug release from the developed SD formulations was observed in comparison to pure VST at pH 6.8. Considering that the primary site of drug absorption is usually the small intestine, the improved drug release from the developed formulations at pH 6.8, rather than at pH 1.2, could be beneficial. TPGS, only included in F2, did not induce a significant difference in the drug release pattern at all pH values in this investigation. The improved drug release from the developed SDs can be explained by several factors. Drug amorphization may be related to the enhanced release of poorly water-soluble drugs in HME-processed products. Furthermore, SP seems to contribute to the release of drugs from SDs in aqueous environments. As previously reported, 10, 27 SP enhances the release rate and the released amount of drug from SD formulations. HME process with a high shear stress also provided a more homogeneous SD. Improved drug release can lead to absorption enhancement in the gastrointestinal tract, in the absence of permeability problem.
in vivo pharmacokinetic studies
Oral absorption of VST from the developed SDs was assessed in rats. In this study, pure VST, F1, and F2 were administered orally to rats at 4 mg/kg. As shown in Table 3 and Figure 6 , AUC values were ranked from lowest to highest as follows: VSTF1F2. The F2 group showed 5.49-and 1.91-fold higher AUC values, respectively, than the pure VST and F1 groups (P0.05). Compared to the VST and the F1 groups, the C max value of the F2 group was 6.56-and 5.62-fold higher, respectively (P0.05). No significant differences in T max values were detected among the groups. The AUC values in this study indicate that SP enhanced drug absorption. Due to its solubilizing capacity, SP enhances the absorption of orally administered drugs. 11 The enhancement of the oral bioavailability of drugs seems to be based on the in vivo interaction of the drug, SP, and the intestinal fluid, which contains bile salts and phospholipids that act as sources of micelles.
11 TPGS, included in the F2 preparation, also significantly improved the relative oral bioavailability of the drug in this investigation. Although TPGS did not produce different drug release patterns ( Figure 5) , it contributed to an increase in oral drug absorption. As a plasticizer, TPGS can reduce process temperature and melt viscosity during the HME process. The ability of TPGS to enhance drug permeation in transmucosal drug delivery has already been reported. [28] [29] [30] [31] The feasibility of VST as a P-glycoprotein (P-gp) substrate was reported earlier; 32, 33 thus, P-gp can act as a barrier for the intestinal absorption of VST. TPGS, as one of P-gp inhibitors, can improve the oral absorption of VST. 30, 34 Conclusively, improvement of drug absorption in this study can be explained by the amorphization of the drug, increased drug dissolution, and enhanced drug penetration across the mucosal membrane in the presence of surfactant (ie, TPGS). The absorbed fraction of the VST dose in humans ranged from 23% (for capsules) to 39% (for solutions), and considerable individual variability in AUC and C max values has been reported. 26 With the reported oral dosage forms of VST, [14] [15] [16] [35] [36] [37] [38] [39] SD formulation with HME processing could produce higher oral bioavailability of VST with lower variability among subjects, as compared to the bioavailability of the pure drug.
histological assays
Histological evaluation of the intestinal epithelium was performed in rats after the administration of pure drug and the formulations F1 and F2. The toxicity of the treatment drugs to the jejunum epithelium was assessed by H&E staining (Figure 7) . The epithelium, mucosal structures, microvilli, and junctions in the control group were normal and showed no symptoms of inflammation. No significant pathological changes were observed in the groups treated with VST, F1, and F2, as compared to the control group. Negligible inflammation and erosion were detected in the F1-and F2-treated groups. These results exhibit that SD formulations processed by HME methods have no significant toxicity to the intestinal epithelium.
SP is a grafted copolymer composed of PEG 6000, vinylcaprolactam, and vinyl acetate. According to the manufacturer data (BASF SE, Ludwigshafen, Germany), the oral and dermal median lethal dose (lethal dose, 50%; LD 50 ) values of SP, which are indicators of acute toxicity, were both 5 g/kg. Given the VST dose (4 mg/kg) and formulation composition in this study, oral administration of the developed formulations was not expected to produce serious toxicity. However, the toxicity of SP against tissues and organs, as well as its hematocompatibility, should be further investigated. TPGS, alpha-tocopherol (vitamin E) grafted with a PEG oligomer via a succinate diester linker, 40 Moreover, TPGS1000 was approved by the US Food and Drug Administration as a solubilizer for parenteral, oral, nasal, topical, rectal, and vaginal drug delivery. 41 We have also reported on the good safety profile of TPGS in the gastrointestinal tract in a previous study. 1 Taken together, our results show that SP and TPGS-based SD formulations can be used as biocompatible oral drug delivery vehicles.
Conclusion
VST-loaded oral SDs based on SP and TPGS were prepared using the HME process. An HME system with twin screws for inducing a high shear rate was adopted for providing drug amorphization and its molecular dispersion in the polymer matrix. Drug amorphization and related thermodynamic properties of the prepared formulations were investigated by FT-IR, XRD, and DSC. Drug release from the formulations was improved as compared to the level of pure drug, and enhanced drug release was observed at pH 6.8 (simulated intestinal fluid) in comparison to that at pH 1.2 (simulated gastric fluid) and pH 4.0. The oral bioavailability of VST from the developed formulations was improved in rats as compared to that of the pure drug. H&E staining of the intestinal epithelium after oral administration of the prepared SDs indicated their biocompatibility. SP and TPGS-based SDs, manufactured by the HME process with a high shear, can be used to improve the oral bioavailability of drugs.
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